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Urban areas are centered at the intersection of a changing climate and increasing urban 
population as drivers of climate change, homes to urban populations and ecosystems, and hubs of 
potential to mitigate and adapt to climate change. Through their modification of the environment 
and unique dynamics, urban areas often experience diverse microclimates and enhanced heat stress. 
Urban modification of the environment has commonly been explored through local and regional 
studies using air temperature and on the urban heat island effect, a phenomenon in which an urban 
area is hotter than its rural surroundings. Here, I aim to elucidate the impacts of humidity on global 
patterns of urban humid heat stress and spatially explicit synergies/tradeoffs for adaptation to 
humid heat. I analyze urban wet-bulb temperatures under future climate change to reveal patterns 
and drivers of urban humid heat, utilize a spatially explicit population projection to assess future 
exposure of urban citizens to humid heat, and propose a new metric, Urban Green Infrastructure 
Potential (UGIP), to assess global patterns of tradeoffs and opportunities for cooling. Results 
highlight dangerous levels of urban humid heat by the end of the century and a concentration of 
urban humid heat stress in coastal, equatorial regions. I find that at least 44% of the urban 
population is projected to be living in an urban area with high TW, JJA. A country-level analysis of 
the relationship between percentage of urban land and urban population exposed reveals a strong 
positive correlation, exposure hotspots, and potential adaptation strategies driven by spatial 
projections. Finally, I find a tradeoff between UGIP and water availability and that feasibility and 
heat mitigation potential of urban green infrastructure is strongly driven by local humidity and 
water availability. The results presented herein highlight the necessity of global, urban-specific, 
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CHAPTER 1  
INTRODUCTION 
1.1 PROBLEM STATEMENT  
1.1.1 Global Trends in Climate Change and Urban Population Growth  
Climate change is projected to continue to result in increased global mean temperatures, 
increased extreme weather events, and changes in other atmospheric variables such as wind, 
humidity, and precipitation. At the same time, a combination of continued global population 
growth and migration into urban areas is expected to lead to a large increase in the percentage of 
the global population that resides in urban areas by the end of the century. In 2017, 4.1 billion 
people, or 55% of the world population, were estimated to be living in urban areas (United Nations, 
Department of Economic and Social Affairs, Population Division, 2018). The urban population is 
expected to nearly double by 2050, and by 2100, approximately 85% of the global population is 
expected to be living in urban areas (OECD, 2015). Climate change may significantly affect this 
growing urban population both directly, by altering climatic conditions where people live, and 
indirectly, by altering climatic conditions and the environment in places where people interact. 
Currently, many people either directly or indirectly rely on the environment and ecosystem 
services for their livelihoods and survival. Beyond our direct survival and reliance on the 
environment, humans have a moral responsibility to the environment and the organisms that it 
sustains. The future of human society is intertwined with that of the environment, as it affects our 
quality of life, food supplies, water supplies, natural resource extractions, energy production, and 
well-being.   
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1.1.2 Urban Areas and Climate Change  
Urban areas directly affect and are uniquely affected by climate change. These areas are 
unique in their role as drivers of climate change, in their climates, the nature of their challenges 
from climate change, and their resources and opportunities to mitigate and adapt to climate change. 
At a regional to global scale, their consumption of energy, food, and water manifests in greenhouse 
gas emissions, environmental degradation, land use changes, and impacts on natural ecosystems 
(d’Amour et al., 2017; Güneralp et al., 2017; Kennedy et al., 2009). At a local to regional scale, 
urban morphology physically impacts climatic processes and results in urban microclimates that 
may vary even within a single city (Stewart & Oke, 2012).  
Cities are not only vulnerable to high-impact and visible extreme weather events, but also 
through persistent and less visible stressors such as heat. Many climate risks and threats are either 
rooted in or exacerbated by the unique urban climate (Borden et al., 2007; W. Zhang et al., 2018). 
One striking example of ways that cities affect and are affected by the climate is the observed 
Urban Heat Island (UHI) phenomenon. The UHI is characterized by hotter temperatures in urban 
areas than their rural surroundings. UHI also has the potential to interact synergistically with heat 
waves and climate change, which will result in temperature increases that are larger than the sum 
of the individual factors (Zhao et al., 2018). Increased temperatures may additionally have negative 
impacts on terrestrial and aquatic wildlife in urban ecosystems (Grimm et al., 2013; Walker & 
Steffen, 1997). 
Urban areas are unique in that they are, by nature, hubs of human innovation and resources, 
even if not always applied. As a result, they exist in highly engineered landscapes and are not 
necessarily constrained by their immediate physical environment. One crucial way that urban 
resources manifest is through the existence of complex urban water infrastructure that transports, 
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treats, and distributes water in and out of cities, often over very long distances (McDonald et al., 
2014). In this way, cities use their financial, economic, and political resources to avoid negative 
impacts of local water scarcity. Due to their highly engineered nature, cities’ engineering or 
development choices can either exacerbate or reduce the impacts of climate change. 
1.1.3 The Implications of Heat  
One of the most visible and well-documented consequences of climate change is increasing 
and unprecedented temperatures, partially because such changes directly and simply demonstrate 
the significant anthropogenic impact on the earth’s climate system (Diffenbaugh & Scherer, 2011; 
Meehl & Tebaldi, 2004). Hotter temperatures impact crop yields, infrastructure, electricity 
consumption, and human health (Chapman et al., 2013; Deryng et al., 2014; H. Wang & Chen, 
2014). Higher temperatures also negatively impact the well-being of flora and fauna, in both 
terrestrial and aquatic ecosystems (Brierley & Kingsford, 2009; González‐Tokman et al., 2020; 
Meyer et al., 1999). In addition to higher global and annual temperatures, climate change is also 
projected to increase the frequency, intensity, and duration of extreme heat events (Baldwin et al., 
2019). 
Environmental heat stress has clear impacts on human morbidity and mortality (Anderson & 
Bell, 2009; Dunne et al., 2013; Patz et al., 2005), although more research is needed on the 
relationship and mechanisms of these impacts. Extreme heat acts as a limit to human survivability, 
although the limit is not well-established and severe health consequences often occur at 
temperatures far below the expected extremes. Extreme heat is one of the deadliest extreme 
weather hazards in the United States. It can result in heat cramps, heat exhaustion, heat stroke, 
nausea, heart attacks, and cardiovascular and respiratory mortality for many individuals. Over a 
30-year average from 1990 to 2019, heat was the single largest cause of annual weather-related 
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fatalities in the United States (Centers for Disease Control and Prevention, n.d.). Unlike extreme 
weather events such as hurricanes and tornadoes that occur over a shorter time and over a smaller 
area, extreme heat occurrences have more direct and visible impacts. Extreme heat usually occurs 
over longer time periods and larger areas. Extreme heat is difficult to avoid, especially for those 
who live or work outdoors or in spaces that are not conditioned. Its impacts tend to compound over 
time and leads to conditions like drought and increased human morbidity and mortality. However, 
the very nature of extreme heat makes it difficult to properly attribute heat stress impacts to their 
cause or to prepare for and adapt to dangerous heat stress levels. Finally, extreme heat has a 
differential impact on different groups of people, since vulnerability varies across age, gender, 
racial, and socioeconomic groups.  
1.1.4 The Importance of Humidity for Heat Perception  
Humidity is an important factor that influences both heat perception and adaptation 
potential. For humans, sweating is a key cooling mechanism to maintain the necessary core body 
temperature of 37ºC. The mechanisms of heat transfer into and from the body include radiation, 
conduction, convection, and evaporative cooling. When ambient temperature exceeds body 
temperature, radiation, conduction, and convection transfer heat into the body, which leaves 
evaporative cooling as the only natural mechanism to transfer heat from the body. This evaporative 
cooling occurs primarily through the skin as sweating, but also to a small degree through exhaled 
moisture from the lungs. Therefore, at high temperatures, evaporative cooling is essential to keep 
the body functioning normally. At high levels of relative humidity, sweating becomes much more 
difficult since the surrounding air is unable to take in much more water vapor. Thus, humidity may 
exacerbate the heat stress experienced by individuals during extreme heat events.  
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1.1.5 Urban Green Infrastructure: Cooling Potential  
Urban green infrastructure (UGI), as a commonly proposed and widely adopted climate 
adaptation strategy, has a multitude of benefits related to urban heat mitigation, stormwater 
management, air pollution reduction, water quality improvements, human mental well-being, and 
potential cost savings (Farrugia et al., 2013; Lovell & Taylor, 2013; Molla, 2015). It is highly 
adaptable and currently implemented across a diverse range of cultural, economic, climatic, and 
environmental contexts. However, spatial tradeoffs and synergies do exist for the various benefits 
of UGI (Meerow, 2019).  
Humidity impacts and is also impacted by UGI. These interactions impact human-perceived 
heat stress in cities and affect the cooling potential of green infrastructure to mitigate urban heat. 
Through evapotranspiration, UGI impacts humidity on a local scale. When combined with high 
heat and high humidity, evapotranspiration may serve to increase humid heat stress on urban 
citizens. This tradeoff has been observed in regions with high humid heat stress and high levels of 
irrigation (Kang & Eltahir, 2018; Mishra et al., 2020). This potential tradeoff is not revealed in 
heat mitigation studies that solely use dry-bulb temperature. Like mechanisms of human sweating, 
the efficiency of evapotranspiration of UGI also decreases with increased humidity, a potential 
tradeoff that is rarely considered. Any decrease in evapotranspiration efficiency decreases the 
ability of UGI to mitigate urban heat.  
1.1.6 Urban Green Infrastructure: Water Availability  
Water availability influences the feasibility and efficiency of UGI in mitigating heat. Water 
availability affects the types of vegetation that can be used, the feasibility of its maintenance, and 
the necessity of irrigation – all of which affect its ultimate efficacy. Although urban areas often 
have financial and political resources to build water infrastructure, they are still impacted by local 
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precipitation patterns and water availability. Local low precipitation or water availability may 
exacerbate dry heat, decrease the performance of UGI, and necessitate importation of outside water 
resources (Alexander, 2011; Dan Li et al., 2014). However, water importation may be constrained 
geographically or financially. McDonald et al. (2014) suggested that urban water infrastructure in 
cities with higher incomes tend to import water over longer distances than cities with lower 
incomes. This observation indicates that other barriers, such as finances, may inhibit cities from 
maximizing their water consumption for all desired uses. Regardless of the financial, geographical, 
and political aspects of future urban water stress, climate change and urbanization will likely 
exacerbate competition between countries and sectors in the future (Flörke et al., 2018). The 
compounded dimensions of overall water scarcity, flexibility of end use, and variability may also 
exacerbate water stress and competition between end users.  
Despite the potential usefulness of UGI for heat mitigation and other benefits, its effectiveness 
is constrained by water availability. During times of drought or water scarcity, the watering of UGI 
is unlikely to be prioritized, since its direct impact on human survival or the economy is not 
immediately evident, despite its positive influence on food production, energy production, and 
other inflexible consumption. Many of UGI’s benefits lie more in the ecosystem services that they 
provide, which are not always highly valued. Humidity and water availability are both important 
for understanding the tradeoffs and spatiotemporal patterns of evaporative cooling potential and 
efficiency, both in sweating for humans and evapotranspiration for UGI. Thus, when evaluating 
the urban heat mitigation potential and tradeoffs of UGI, it is beneficial to include both the 
humidity and water availability dimensions.  
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1.2 RESEARCH GOAL  
Many studies at local and regional scales have explicitly evaluated, the unique challenges 
and opportunities for urban areas. While local and regional scale studies have their unique 
importance, a global study of urban areas allows for a systematic evaluation of urban processes 
and impacts using a consistent and common methodology. Humidity directly impacts both heat 
perception and adaptation, yet it is often not included in heat mitigation studies or efforts. Patterns 
of composite metrics of humidity and air temperature may vary spatially and temporally from those 
of air temperature alone. Since air temperature and humidity have strong impacts on urban well-
being, both variables are crucial for predicting and preparing for future heat stress and adaptation 
in urban areas. 
The goal of this thesis is to holistically assess spatially explicit global projections of humid 
heat stress and human exposure in urban environments as well as global patterns of synergies and 
tradeoffs in urban green infrastructure cooling potential by the end of the century under climate 
change.  
1.2.1 Objective 1: Future Global Urban Humid Heat Stress Patterns and Drivers  
Projections of wet-bulb temperature (TW) under climate change by the end of the century 
can elucidate future global urban humid heat stress patterns and drivers. Wet-bulb temperature 
reflects both temperature and humidity, has physiological implications for human well-being, and 




1.2.2 Objective 2: Spatial Distribution and Magnitude of Exposure of the Urban Population  
The spatial distribution and magnitude of the future urban population will shape the 
patterns of exposure to high humid heat stress by the end of the century. To assess future exposure, 
I used a spatially explicit population projection consistent with the climate simulation analyzed. 
The projection is consistent with the socioeconomic narrative and assumptions of Shared 
Socioeconomic Pathway 3 (SSP3), a scenario that is characterized by regional rivalry, mixed levels 
of population growth, slow urbanization, and mixed spatial patterns of growth.  
1.2.3 Objective 3: Global Patterns of Tradeoffs and Opportunities for Urban Green 
Infrastructure Cooling  
Atmospheric variables such as relative humidity and air temperature influence the cooling 
efficiency of urban green infrastructure. To assess global patterns of tradeoffs and opportunities 
for urban green infrastructure as a heat mitigation strategy, I proposed a metric for urban green 
infrastructure cooling potential and analyze spatially explicit projections of cooling efficiency by 
the end of the century. By overlaying this spatially explicit projections of this metric and 
precipitation for cities projected to experience high humid heat stress, global trends of tradeoffs 
and opportunities can be uncovered.  
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CHAPTER 2  
LITERATURE REVIEW 
2.1 MODELING OF IMPACTS 
2.1.1 Urban Climate Modeling in Global Climate Models   
Global climate models, which include General Circulation Models (GCMs) and Earth 
System Models (ESMs), are process-based models that represent the earth as on a 3D grid and 
solve equations and parameterizations of thermodynamic, fluid, radiative, hydrologic, biologic, 
and chemical dynamics within and between grid cells to simulate the past, present, and future 
global climate. GCMs generally include processes in the atmosphere, ocean, and cryosphere, along 
with interactions between them. ESMs are GCMs that additionally incorporate biogeochemical 
cycles, and thus have their unique usefulness for predicting global climate. Both GCMs and ESMs 
have the potential to be very computationally expensive, which constrains the temporal and spatial 
resolution of inputs, processes, and outputs.  The large-scale nature of the processes represented, 
and the climate-related scientific questions asked, shaped a legacy of global climate model 
development in which the parameterization of urban areas was not practical or urgent for various 
reasons. Thus, most global climate models today have not yet included explicit urban 
parameterizations. One primary reason was that urban areas were generally too small to resolve in 
mesoscale and global climate models and had a negligible impact on global climate (Lawrence et 
al., 2011), although the recent development of tiled land surface models has enabled subgrid scale 
land use modeling (Best, 2006). Thus, there is a mismatch between the smaller-scale processes 
that impact urban livability, and larger-scale processes such as climate change. This mismatch and 
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lack of urban parameterization has created a challenge in projecting and predicting impacts of the 
global climate and climate change on urban areas at broad scales (Best, 2006; Zhao et al., 2021). 
Given the unique position of cities at the intersection of future global trends of climate 
change, human population growth, and migration into cities, it is crucial to understand the 
characteristics of future urban areas and the implications this will have for human livability. A 
variety of approaches have thus been developed to resolve urban-specific processes and can be 
broadly split into two categories (Pigliautile et al., 2020): meteorological mesoscale models, such 
as the Weather Research and Forecasting (WRF) model, and microclimate models (MCMs). These 
models can be further classified into computational fluid dynamics (CFD) models and urban 
canopy models. CFD models are built on fluid dynamics principles and resolve urban momentum 
and energy exchanges at a very fine spatial resolution, thus providing very detailed simulations 
(Baik et al., 2003; Kwak et al., 2015; Pontiggia et al., 2011). However, they are often restricted to 
an isolated building envelope, or may not consider climate/building energy exchanges (Afshari & 
Ramirez, 2021). Examples of UCMs include the Princeton Urban Canopy Model (Z.-H. Wang et 
al., 2013), and the Community Land Model Urban (Oleson & Feddema, 2020), both of which are 
built on the concept of the urban canopy and incorporate equations of airflow, energy budgets, and 
fluid dynamics. The integration of urban canopy models into global climate models allows 
dynamical interaction between small-scale urban and large-scale climate processes and allows for 
a common global methodology to compare urban areas worldwide as well as study regions that 
historically get less funding and research attention.  
2.1.2 Community Earth System Model (CESM) 
An urban parameterization was developed and released as the Community Land Model Urban 
(CLMU), a sub-model of the Community Land Model (CLM), which is part of the Community 
11 
 
Earth System Model (CESM). CESM traces its origins to the Community Climate Model (CCM), 
a freely available global atmosphere model created by the National Center for Atmospheric 
Research in 1983. CCM later evolved into the Climate System Model (CSM), which incorporated 
additional model components of the atmosphere, land surface, ocean, and sea ice. CSM later 
evolved into the Community Climate System Model (CCSM) and now CESM, which is a fully 
coupled, global climate model that can be used to simulate Earth’s past, present, and future 
climates. The most recent major version, CESM 2, is composed of seven components (atmosphere, 
sea ice, land ice, ocean, ocean waves, river, and land), each representing a component of the Earth 
system, all interacting through a coupler passing exchanges of steady-state and flux information. 
CESM is one of the models that participates in the Coupled Model Intercomparison Project 
Phase 6 (CMIP6), a collaborative effort across modeling groups worldwide, which contribute 
simulations of future climate from approximately 100 different climate models. Of the leading 
models in CMIP6, CESM exhibits one of the closest agreements with observations of the climate 
mean state, seasonal cycles, and interannual climate variability (Danabasoglu et al., 2020). CESM 
has made important contributions to national and international climate assessments, including the 
Intergovernmental Panel on Climate Change’s (IPCC) assessments (Hurrell et al., 2013). CESM 
has been used for applications such as characterizing future snowpack (Rhoades et al., 2016), 
assessing future changes in mid-latitude atmospheric circulation (Peings et al., 2017), assessing 
the impact of white roofs on urban temperature (Oleson et al., 2010), and identification of 
avoidable impacts of ocean warming on marine productivity (Krumhardt et al., 2017). 
2.1.3 Urban Parameterization in CESM  
CLMU was designed with appropriate simplicity to function within the structural and 
computational constraints of a model coupled to a global climate model such as CESM, while still 
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with sufficient details and complexity to parameterize processes and properties relevant for urban 
climatology (Oleson et al., 2008). CLM features a nested subgrid hierarchy, in which grids may 
include up to five land units. Each land unit includes multiple columns, and columns include 
multiple patches, which represent either plants or crop types. The five land units are vegetated 
(rural), lake, urban, glacier, and crop. Subgrid properties, states, and fluxes of the land units within 
each grid cell are combined in an area-weighted average to create grid cell composite values that 
interact with the atmospheric model through the coupler in CESM. 
Cities are represented as “urban canyons,” based on the conceptualization of Oke (1987). 
Urban canyons are composed of roofs, walls (sunlit and shaded), and the canyon floor (pervious 
and impervious) (Lawrence et al., 2011; Oleson et al., 2008). Individual energy balances and 
surface temperatures are determined for each component of the urban canyon. Urban density and 
other properties are derived from a global dataset (Jackson et al., 2010), which captures the three 
main categories of urban properties: spatial extent, urban morphology, and thermal and radiative 
properties of urban building models. Each category includes various properties, for example, urban 
morphology includes variables such as average building height, pervious fraction of the canyon 
floor, and building height to street width ratio. 
The dataset defines unique urban properties for thirty-three regions of similar physical and 
social characteristics globally. Within each region, four urban density classes are also defined: tall 
building district (TBD), and high, medium, and low density (HD, MD, LD), each with different 
properties (Jackson et al., 2010; Oleson & Feddema, 2020). The LD class is not used because of 
its close similarity to rural characteristics. The most recent version of CLMU included several new 
developments which improved the overall performance of the model, including: the ability to 
simulate multiple urban density classes within each grid cell, an improved building space heat and 
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air conditioning sub-model, and a revised dataset and tool to parameterize and explore urban 
properties (Oleson & Feddema, 2020). The detailed parameterization of urban areas in CLMU 
enables the comprehensive global analysis of unique urban dynamics and impacts under climate 
change that is the objective of this thesis.  
2.1.4 Urban Modification of the Environment  
One high visible way urban areas modify their environment is the UHI phenomenon, which 
has been central to heat mitigation studies and efforts in recent years. It is generally conceptualized 
as the temperature difference between urban and surrounding rural areas, with urban areas 
observed and modeled to be warmer than their rural surroundings. Such temperature differences 
differ by the elevation of the level of comparison, e.g., below ground, surface, canopy layer, 
boundary layer (Yow, 2007). Research in the past few decades has tended to focus on surface UHI, 
for which a broad coverage can be achieved through remote sensing technology (Peng et al., 2012; 
Streutker, 2002; Tran et al., 2006), and canopy layer UHI, which is the layer in which much of 
human activity takes place (Montávez et al., 2000; Saitoh et al., 1996; N. H. Wong & Yu, 2005). 
Most of the recent studies do not consider other climatic variables such as humidity when 
characterizing either surface or canopy layer UHI. 
Observations and modeling have found that the UHI is strongly impacted by urban 
metabolism and morphology, such as the production of anthropogenic heat, an increase in 
impervious surfaces, decrease in vegetated surfaces, changes in air conditioning and heating, 
building material choice, changes in convection, city size, development intensity, and direct 
emissions (Cao et al., 2016; Chow & Roth, 2006; Clinton & Gong, 2013). Recent studies have 
shown that the UHI is not purely driven by urban characteristics (Imhoff et al., 2010; Zhao et al., 
2014), and that the magnitude of the UHI is not always relevant for urban heat mitigation (Martilli 
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et al., 2020). Additionally, the definition of urban vs. rural, and thus the quantification of UHI, is 
not always clear or universally agreed upon (Stewart & Oke, 2012). 
Vegetation has emerged as an important variable that influences the magnitude and patterns 
in the UHI. For example, the replacement of pervious and vegetated surfaces with relatively 
impervious urban surfaces reduces latent heat flux and increases sensible heat in urban areas, thus 
increasing dry heat in urban areas compared to their rural surroundings (Imhoff et al., 2010). 
Consequently, the ability of vegetation to mitigate UHI effects has also been studied (Doick et al., 
2014; Peng et al., 2012; Stone Jr & Rodgers, 2001; J. K. W. Wong & Lau, 2013; Y. Zhang et al., 
2017). 
2.2 HUMID HEAT 
2.2.1 A Multitude of Heat Indices 
Many heat mitigation studies focus on dry heat metrics, such as land surface temperature 
(LST) and air temperature (dry-bulb temperature) (T). Dry heat is easy to link into global climate 
discussions and policy, which often focus on limiting the increase in global mean temperature. As 
a simple and commonly used metric, air temperature is also easily obtained in historical records as 
well as models of future climate. However, dry heat metrics may not be the best representation of 
human-perceived heat stress, due to the multitude of environmental, personal, and behavioral 
characteristics that influence heat perception.  
In the context of heat mitigation, the UHI based on dry heat is also commonly used as a metric 
(Akbari et al., 2016; He, 2019; Yupeng Wang et al., 2016). The UHI has a unique position in the 
policy realm and has the advantage of being a very visible and intuitive manifestation of 
anthropogenic climate change; however, UHI may not be the most relevant metric for heat 
mitigation. Martilli et al (2020) point out that UHI is function of both urban and rural 
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characteristics, and the higher UHI does not necessarily indicate higher heat stress. For example, 
a city with a weak UHI in a hot climate may need heat mitigation measures, whereas a city with a 
strong UHI in a cool climate may benefit from a strong UHI. 
In the interest of balancing the conflicting desired quantities in a heat metric, it is important 
to consider the purpose. It is important to capture the human experience of heat stress in urban 
areas under future climate change more accurately, and to evaluate adaptability potential. 
Macpherson (1962) outlined four main factors of human experience: heat, humidity, intensity of 
solar radiation, and air movement. Although these factors have been combined into many heat 
indices, almost all of which are a combination of environmental and physiological/physical factors 
and fall into three broad categories: indices based on measured physical factors, indices based on 
physiological strain, and indices based on the calculation of heat exchange. Many heat stress 
indices are empirical, and their reported values may only be relevant over a certain geographic 
region and/or for a relatively small subset of the population. The values are often based on many 
assumptions related to adaptation. 
Of the four factors outlined by Macpherson (1962), heat and humidity are unique in that they 
are factors that individuals have little control over ( Li et al., 2020). Exposure to other atmospheric 
variables, such as solar radiation and wind, is more easily controlled and sheltered from. 
Behavioral and physiological characteristics vary dramatically from person to person, and so their 
inclusion into heat indices that are meant to be broadly applicable may hinder the usefulness of the 
heat metric. Additionally, the increase of temperature and humidity under future climate change 
appears to be more robust in future climate projections than the increase of either alone (Fischer 
& Knutti, 2013; C. Raymond et al., 2017). In a recent assessment of the predictive power of various 
16 
 
climatic variables for the lethality of heat episodes, the combination of air temperature and relative 
humidity emerged as the most accurate predictor (Mora et al., 2017). 
2.2.2 Growing Usage of Wet-Bulb Temperature (TW) 
Humidity has been increasingly incorporated into both observational and projected studies of 
the impacts of extreme heat (Conti et al., 2005; Davis et al., 2016; Fischer & Schär, 2010; Russo 
et al., 2017). Numerous heat stress metrics include heat and humidity, such as the apparent 
temperature, the wet bulb globe temperature (WBGT), the heat index, the humidex, the wet-bulb 
temperature (TW), and many others. More so than many other indices, the input variables for TW 
are common and readily available from observations/historical records as well as from climate 
models. TW may also be a better predictor of morbidity and mortality than dry-bulb temperature, 
due to its physiological implications and the inclusion of humidity (Barreca, 2012; Fischer & 
Knutti, 2013; Kalkstein & Davis, 1989; Mishra et al., 2020). Additionally, many heat indices 
implicitly assume some level of adaptation/individual characteristics, which may result in a high 
degree of accuracy for a small subset of the population, but lower usefulness for the broader 
population. For example, the commonly used WBGT metric was originally developed and used 
during the 1950s in training camps for the United States Army and Marine Corps, with the purpose 
of reducing both heat illness and lost training hours.  
Wet-bulb temperature (TW), in contrast, is a simpler metric that provides improved insight 
into human perception over dry heat metrics, while also having some level of generalizability. TW 
is also unique in that it relates to the moist entropy of air and to thermodynamics (Steven C. 
Sherwood, 2018), which creates a physical basis for survivability thresholds and conclusions based 
on TW. Finally, TW is closely related to evaporative cooling, which is one of the main adaptive 
mechanisms for both humans and green infrastructure. Levels of evaporative cooling and the 
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partitioning between latent and sensible heat have been found to greatly impact temperature and 
the surface UHI intensity (Peng et al., 2012). 
2.2.3 Dangerous Future TW   
Sherwood and Huber (2010) proposed that an environmental wet-bulb temperature of 35ºC 
presents a physiological limit to human survivability that even physical acclimatization cannot 
overcome. The core body temperature of the human body is generally recognized as 37ºC, although 
recent research has suggested that the range of normal body temperature may be much larger than 
generally accepted and shifted towards lower values. A recent review of the literature on normal 
body temperature in adult men and women revealed a range, defined as the mean ± 2 standard 
deviations, from 33.2 – 38.2ºC (Sund‐Levander et al., 2002). Normal body temperature also varies 
by age, gender, and other personal characteristics.  
To maintain a temperature differential high enough for metabolic heat to be conducted from 
the core to the skin, skin temperature cannot be higher than 35ºC for extended periods of time  
(Sherwood & Huber, 2010). Additionally, the smaller the temperature difference between the core 
and the skin, the lower the efficiency of cooling. Given that normal core body temperatures vary 
by age, gender, and other variables, and may often be lower than 37ºC, a skin temperature of much 
lower than 35ºC is likely required for normal human functioning.  
Lower thresholds have also been proposed, depending on both the length of exposure and the 
level of physical activity. Monteiro and Caballero (2019) suggested a lower TW threshold of 31ºC 
for individuals performing physical labor. Liang et al. (2011) asserted that safe working time for 
heavy work greatly decreases above a TW of 30.8ºC. Peak TW values rarely exceed 31ºC in today’s 
climate (Im et al., 2017; S. C. Sherwood & Huber, 2010), which suggests that human populations 
will need to adapt to an unprecedented heat regime in the future, if TW approaches the physiological 
18 
 
limit. A common assumption is that a healthy human could not survive outdoors at a TW of 35ºC 
for over 6 hours (Kang & Eltahir, 2018).  
Since ideal behavioral, physiological, and climatic conditions that alleviate heat stress are 
rarely met, serious mortality and morbidity impacts typically begin at TW values much lower than 
the theoretical physiological threshold of 35ºC. For example, the deadly 2003 European and 2010 
Russian heat waves included TW values that did not exceed 28ºC (Raymond et al., 2020). Regional-
scale studies have projected TW values that approach or exceed the proposed thresholds, ranging 
from 29ºC to 35ºC, in areas such as the North China Plain (Kang & Eltahir, 2018), South Asia 
(Mishra et al., 2020; Monteiro & Caballero, 2019), the Red Sea and the Persian Gulf (Pal & Eltahir, 
2016), coastal southwest North America (Raymond et al., 2020), the Gulf of California and the 
Gulf of Mexico (Raymond et al., 2020), and coastal West Africa (Coffel et al., 2018).  
2.2.4 Spatial Patterns and Drivers of Humid Heat  
The proximity to specific types of water bodies has been highlighted as a significant driver 
of vulnerability to high TW. Raymond et al. (2020) showed that many TW hotspots were located 
close to semi-enclosed gulfs or shallows bays with poor ocean circulation and high sea surface 
temperatures. This result is especially concerning because many cities were built near coasts, in 
part due to the usefulness of proximity to water for trade and transportation. Urban development 
in coastal regions will thus have a strong impact on future exposure to humid heat stress (Bolleter 
et al., 2021).  
Irrigation has also emerged as a contributor to local high TW, and studies have found that it 
impacts surface radiation, the surface energy balance, water vapor feedback mechanisms, and 
boundary layer development, thus impacting local humidity and temperatures (Freychet et al., 
2020; Kang & Eltahir, 2018; Mishra et al., 2020). Although irrigation is not necessarily a driver 
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of high TW, past research suggested that it may contribute to creating conditions that are favorable 
for high TW, or it may enhance the response of TW to climate change (Kang & Eltahir, 2018). 
Studies have observed this exacerbation in two of the most irrigated regions of the world, the Indo-
Gangetic Plain (Mishra et al., 2020) and the North China Plain (Kang & Eltahir, 2018). Mishra et 
al. (2020) suggested that other factors increase humidity, such as green roofs and green urban areas, 
and may similarly exacerbate high TW.  
Regional climate systems and seasonal monsoons may also contribute to the creation of high 
TW. Monteiro and Caballero (2019) found that extreme TW events were related to anomalous 
influxes of marine air flowing in from the Arabian Sea. Raymond et al. (2020) found that variations 
in temperature and humidity in South Asia were strongly correlated with summer monsoons. Other 
studies on the contribution of temperature versus humidity anomalies to the occurrence of high TW 
have found distinct spatiotemporal patterns. Raymond et al. (2017) found that anomalies of 
specific humidity were stronger drivers of extreme TW than anomalies of temperature for much of 
the contiguous United States. Wang et al. (2019) found that overall, specific humidity contributes 
more than temperature to extreme TW in China, although the pattern differs by region. In 
southeastern China, extreme TW and extreme air temperature rarely overlapped. They also found 
that the extreme humidity-driven and extreme temperature-driven extreme TW events were 
associated with different large-scale environments. For example, humidity-driven extreme TW 
favored ascending motions, increased precipitable water, and near-surface relative humidity, 
whereas temperature-driven extreme TW favored the opposite atmospheric patterns. Overall, the 
recent literature has highlighted both the commonalities in extreme TW hotspots, as well as the 
unique nature of different types of TW events. 
20 
 
2.3 URBAN GREEN INFRASTRUCTURE AS A SOLUTION 
The cooling potential of urban green infrastructure (UGI) is strongly impacted by the 
sensitivity of its cooling effectiveness to climate and other environmental factors, and the nature 
of its impact on the local urban climate. A recent review of 89 studies on the impact of UGI on 
urban heat mitigation and human thermal comfort found that the maximum observed cooling 
effects ranged from 1.5ºC – 3.5ºC (Saaroni et al., 2018). Another review of 55 studies found that 
the average maximum peak daily cooling was 1.8ºC, and the average maximum peak night-time 
cooling was 2.3ºC (Santamouris & Osmond, 2020). This cooling is achieved through dissipation 
of absorbed solar radiation and heat by increasing surface latent heat flux through 
evapotranspiration. This effect tends to cool air temperature and increase relative humidity near 
the UGI (Barradas et al., 1999; N. Zhang et al., 2017). The literature suggests that UGI is most 
effective at heat mitigation in hot, dry climates (Lin et al., 2013; Norton et al., 2015), although this 
may place pressure on already stressed water resources in such climates (Yu et al., 2020). Several 
studies have highlighted the potential problem in hot and humid climates of increased humidity 
due to UGI (Santamouris & Osmond, 2020), which may decrease cooling effectiveness or even 
increase humid heat stress. Soil moisture and water availability have also been identified as 
important factors in UGI performance. Li et al (2014) found that when soil moisture approaches 
the wilting point, evapotranspiration efficiency decreases significantly and is eventually 
effectively zero. 
 Knowledge gaps identified by UGI studies can help guide future research and prevent 
extrapolation of results to inappropriate contexts. Most UGI studies have been conducted at micro 
scales, so there is a lack of knowledge on the local, meso- and macro-scale mechanisms and 
impacts of UGI (Bartesaghi Koc et al., 2018; Saaroni et al., 2018; Wang et al., 2014). Researchers 
have also called for more studies on the impact of background climate (Yu et al., 2020), especially 
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in understudied regions (du Toit et al., 2018) and regions with tropical, semi-arid, and desert 
climates, that have very different vegetation, irrigation, and cooling requirements from temperate 
climates (Bartesaghi Koc et al., 2018).  
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CHAPTER 3  
METHODS 
3.1 CESM SIMULATIONS 
To elucidate the patterns, changes, and impacts of climate change on global patterns of 
urban humid heat stress and adaptation, I analyzed two CESM simulations: one historical and one 
future projected run under a combined scenario of Shared Socioeconomic Pathway (SSP) and 
Representative Concentration Pathway - SSP3-RCP7 (one of the official scenarios adopted by the 
IPCC). The historical simulation ran from 1850 to 2014 driven by a careful reconstruction of the 
observed climatology - Global Soil Wetness Project Phase 3 (GSWP3) data. The future-climate 
simulation utilized an “Anomaly Forcing” method where the monthly anomalies obtained from a 
fully coupled future projection run are added on top of a repeating 10-year cycle of the GSWP3 
forcing. This Anomaly Forcing method has been integrated into CESM since version 4.5 of CLM. 
The future simulation ran from 2016 to 2100 under the SSP3-RCP7 scenario. The SSP3 represents 
a global socioeconomic scenario characterized by regional rivalry and serious challenges to 
climate change mitigation and adaptation. It is characterized by low population growth in rich low 
fertility countries, high population growth in high fertility and other low fertility countries, slow 
urbanization rates for countries at all income-levels, and a mixed spatial pattern of growth (Jones 
& O’Neill, 2016). The RCP7 represents a greenhouse gas emission pathway resulting in a radiative 
forcing of 7.0 W/m2 in the year of 2100. Both the historical and the SSP3-RCP7 simulation were 
conducted at a spatial resolution of 0.9° latitude × 1.25° longitude globally. 
To highlight the climate change impacts, I focused on the simulation results of the first 
(2000 - 2009) and last (2091 - 2100) decades of the century representing the present-day condition 
(referred to as “present-day” hereafter) and a projected future climate (referred to as “end of the 
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century” or “future”), respectively. By comparing the first and last decades, I could balance 
highlighting long-term changes while maintaining relevance for short- and middle-term policy and 
decision-making. To capture seasonal variation and interannual patterns, I utilize decadal seasonal 
means as the main temporal scale of analysis. The two seasons studied are JJA (June-July-August) 
and DJF (December-January-February). The JJA (DJF) decadal mean is the 10-year (2000-2009 
or 2091-2100) average of JJA (DJF) monthly mean values and is referred to as TW, JJA(DJF). The 
analyses presented herein primarily focus on TW, JJA for brevity. The atmospheric variables 
analyzed herein include the monthly mean dry-bulb temperature (defined as 2-m air temperature 
in CESM, referred to here as T), the monthly mean relative humidity (defined as 2-m relative 
humidity in CESM, referred to here as Rh), and the monthly mean wet-bulb temperature (derived 
from relative humidity and air temperature using the Stull empirical wet-bulb equation, referred to 
here as TW) (Stull, 2011), and the monthly mean precipitation. The Stull empirical wet-bulb 
temperature equation is: 
𝑇𝑊 = 𝑇 ∗ atan⁡[0.151977(𝑅𝐻% + 8.313659)
1
2 + atan(𝑇 + 𝑅𝐻%) − atan(𝑅𝐻% − 1.676331)
+ 0.00391838(𝑅𝐻%)
3
2 ∗ atan(0.023101𝑅𝐻%) − 1.686035 
3.2 HEAT STRESS METRIC AND THRESHOLDS 
3.2.1 Decadal Seasonal TW Means  
The TW values analyzed herein are decadal seasonal means. For illustrative purposes, I 
defined three thresholds for “high humid heat stress (TW)” (Table 3-1), although lower values are 
likely still dangerous. These thresholds are at 2ºC intervals, to illustrate relative levels of dangerous 
humid heat stress. For context, the United States’ National Oceanic and Atmospheric 
Administration’s Heat Index, which is for a much smaller time scale of hours or days, classifies 
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26ºC as either “Extreme Caution” or “Danger,” depending on the specific combination of relative 
humidity and temperature.  
Table 3-1: Decadal seasonal monthly mean urban Tw thresholds, names, lower bounds, and 
upper bounds as used herein. 
Name Lower Bound (ºC) Upper Bound (ºC) 
Caution 26 28 
Dangerous 28 30 
Extremely Dangerous 30 32 
 
3.3 UHI DEFINED BY TW AND T  
UHI(TW) and UHI(T) were derived from the CESM simulations used by subtracting the 
value of TW and T, respectively, for the rural (vegetated) subgrid land unit from their values for 
the urban subgrid land unit, by grid cell. This method of calculating UHI takes advantage of the 
hierarchical structure of CESM. Because rural and urban subgrid land units in the same grid cell 
are driven by the same external climate forcings, any differences in their responses are due to 
differences in their vegetated/urban nature, as parameterized in the model.  
3.4 SPATIALLY EXPLICIT POPULATION PROJECTION 
To elucidate potential colocation of urban populations with areas under high humid heat 
stress by the end of the century, I utilized the spatially explicit population projections that were 
provided by Jones and O’Neill (2016) for SSP3 and are consistent with the CESM simulations 
analyzed herein. These population projections were based on the most recent version of SSP 
scenarios and utilized a parameterized gravity-based downscaling model. Their projections are 
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consistent with national population and urbanization projections defined for the SSPs and reflect 
their unique narratives and assumptions.  
3.5 GIS SHAPEFILES   
The world cities GIS shapefile used to extract and plot information by city in Figure 8 was 
obtained from the Environmental Systems Research Institute’s (Esri) ArcGIS Hub. The shapefile 
was last updated in January 2021, and its data sources are ArcWorld and GMI. The shapefile 
includes major cities, provincial and national capitals, and other cities around the world. The GIS 
shapefile of world countries, current to January 2020, was also obtained from Esri’s ArcGIS Hub. 
Data sources are Esri and Garmin. The country shapefile was used for visualization purposes and 
calculation of urban land area and population exposed in Section 4.2. Figure 5 in this thesis was 
created using ArcGIS® software by Esri. ArcGIS® and ArcMap™ are the intellectual property of 
Esri and are used herein under license. Copyright © Esri. All rights reserved. For more information 
about Esri® software, please visit www.esri.com. 
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CHAPTER 4  
RESULTS AND DISCUSSION 
4.1 HIGH FUTURE URBAN TW  
4.1.1 Different Patterns of UHITW and UHIT 
Unique urban morphology and dynamics are projected to create humid urban heat islands 
(UHITW) in which urban areas experience wet-bulb temperatures that differ from that of their rural 
counterparts. Projected UHITW, JJA, by the end of the century, ranges from -1.6ºC to 1.2ºC and 
highlights the premise that urban areas do modify the local environment (Figure 4-1a). A positive 
value of UHITW indicates that an urban area experiences higher humid heat than that of its rural 
surroundings, whereas a negative value of UHITW indicates that an urban area experiences lower 
humid heat. It is important to note that the UHI magnitude is not the maximum urban temperature 
reduction possible through heat mitigation but is rather a function of both urban and rural 
conditions, as well as large climatic and environmental processes (Martilli et al., 2020). Although 
the existence of an UHI, in and of itself, does not indicate that heat mitigation is required, it does 
emphasize the importance of explicitly studying urban areas. Such a study could provide an 
opportunity to study the mechanisms through which urban areas impact and are impacted by the 
climate and global climate change.  
 The quantification of required heat mitigation efforts using UHIT, or air temperature, may 
not consider and address the unique impacts of humidity on human-perceived heat stress. The 
projected absolute value and increase in UHITW by the end of the century under climate change 
was significantly different in magnitude and distribution from that of UHIT under the same 
simulation (Figure 4-1). Decadal mean UHIT, JJA ranges from -0.7ºC to 2.0ºC and the average value 
for all urban grid cells is 0.6ºC. Decadal mean UHITW, JJA ranges from -1.6ºC to 1.2ºC and the 
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average value for all urban grid cells is 0.1ºC. The projected UHITW, JJA in urban grid cells at the 
end of the century is, on average, 0.6ºC lower than the projected UHIT, JJA. As seen in Figure 4-1, 
both UHIT, JJA and UHITW, JJA exhibit a pattern of large regions experiencing similar magnitudes of 
the UHI. This pattern suggests a strong influence of background climate and/or commonalities in 
the ways that urban characteristics interact with regional climate, in the magnitude and sign of 
UHI.   
When TW is used instead of T to calculate the magnitude of the UHI, more urban grid cells 
are projected to experience an urban cool island, especially around the Middle East and 
northwestern China. Differences between magnitude of the UHIT, JJA and the UHIT, JJA may reflect 
different interactions between the drivers of these two types of UHIs. For example, an increase in 
impervious area in an urban area may simultaneously cause an increase in air temperature and a 
decrease in humidity through decreased evapotranspiration. This increase in impervious area, 
disregarding other urban modifications, would likely lead to a UHITW that is lower than the UHIT. 
The modeled differences between UHIT and UHITW may reflect the complicated nature of unique 
urban morphology and characteristics that interact with each other in altering both humidity and 
temperature. Other differences between urban and rural areas may similarly have complicated 






Figure 4-1: Decadal mean JJA urban heat island at the end of the 21st century (2091-2100) 
based on a) TW and b) T. The magnitude of UHI per grid cell is obtained by subtracting subgrid 
rural values from urban values. Values are calculated and shown for every grid cell that contains 
an urban area as defined by Jackson et al. (2010). Positive values indicate an urban heat island, 
in which urban temperatures are higher than rural temperatures, and negative values indicate that 
urban temperatures are lower than rural temperatures. 
4.1.2 Spatial and Temporal Pattern of High TW 
By the end of the 21st century, urban areas in several regions of the world are projected to 
experience high humid heat stress. These regions include parts of western Africa, India, Southeast 
Asia, and several coastal areas in Mexico, northern South America, Northern Africa, the Persian 
(Arabian) Gulf, and the Red Sea. TW, JJA ranges from 2.8ºC to 31.6ºC (Figure 4-2a), and TW, DJF 
ranges from -27.9ºC to 29.9ºC (Figure 4-2b). As seen in Figure 4-2, there is strong seasonal 
variability in TW. Since significantly more grid cells are projected to experience high TW during 
JJA than during DJF, results shown herein will focus on decadal JJA means.  
High TW, JJA values will be expected to concentrate in coastal and equatorial regions. The 
latitude of those regions is conducive to higher baseline air temperature, while their proximity to 
warm water bodies encourages high relative humidity. In addition, many of the urban areas that 
experience high humid heat are close to shallow seas, gulfs or semi-enclosed bays, which tend to 
have limited ocean circulation, leading to high sea surface temperatures (SST). These areas include 
the Persian Gulf, the Red Sea, the Gulf of Mexico, southeast Asia, and the South and southeast 
Asia also experience both summer and winter monsoons that drive climatic patterns in the region. 
In particular, the summer monsoon is associated with high rainfall, which may occur with higher 
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relative humidity and thus exacerbate humid heat stress. Inland urban areas in western central 
Africa also exhibit high TW projections, despite the lack of proximity to a water body with high 
SST. The high humid heat could be attributed to the baseline rainforest climate of the region, which 
is characterized by high temperatures and high rainfall throughout the year. Urban TW is a 
combination of various processes, including interaction of urban environments with the global 
climate, global/regional climate patterns and climate change, which interact with one another, 
sometimes synergistically.  
 
Figure 4-2: Decadal mean urban TW > 26ºC at the end of the 21st century (2091-2100). 
The color thresholds shown are defined in Table 3-1 where yellow (26ºC - 28ºC) is “Caution,” 
orange (28ºC - 30ºC) is “Dangerous,” and red (30ºC - 32ºC) is “Extremely Dangerous” TW.  
The frequencies of current and future humid heat stress exposure may affect the nature of 
both future impacts and adaptation needs of urban areas. For many urban grid cells, high TW, JJA 
values are projected to be the norm, rather than the exception. As seen in Figure 4-3, several of the 
regions with the highest TW, JJA values will experience high TW, JJA values in almost every month 
during the JJA season. For regions that do not currently experience frequent dangerous humid heat 
stress, such as many in the upper middle to high latitudes, extreme humid heat in the future may 
be more difficult to predict and adapt to. If future extreme events are infrequent, it may weaken 
incentives for societies to invest in heat mitigation strategies and increase the difficulty of 
prediction and preparation. Urban areas that already frequently experience extreme humid heat 
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will face the challenge of increased humid heat in addition to current levels. Although 
infrastructure and improved engineering can help alleviate extreme humid heat, they are not 
equally accessible. For example, outdoor construction workers and athletes undergo intense 
physical activity that, when combined with high humid heat and lack of shade, may render most 
cooling measures ineffective. Cooling measures may also be less accessible to and affordable for 
disadvantaged communities. Most regions with high TW by the end of the 21
st century are projected 
to experience high TW for the majority of JJA months (Figure 4-3). These projections suggest that 
these high values are not anomalies, and there may be little relief during JJA months from humid 
heat stress. As a result, many citizens may experience chronic heat stress with negative long-term 
health consequences.    
 
Figure 4-3: Percentage of JJA months with urban TW > 26ºC during the last decade of the 21st 
century (2091-2100).  
4.1.3 Changes in TW During the 21st Century  
Most urban grid cells are projected to experience an increase in TW by the end of the 
century, although the magnitude of change varies by season and location. By the end of the century, 
the average increase in TW for all urban grid cells is 3.1ºC during JJA and 2.8 ºC during DJF 
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(Figure 4-4). The increase in TW, JJA ranges from -0.3ºC to 7.4ºC, and the increase in TW, DJF 
ranges from -0.5ºC to 8.5ºC. The magnitude and range of the increase in TW are similar between 
seasons, which suggests minimal seasonal variations in the impacts of climate change on urban 
humid heat. The urban areas in some regions, such as northeastern United States, northeastern 
China, and eastern Africa, exhibit the largest increases in TW across both JJA and DJF. Those 
urban areas, if already experiencing high humid heat stress, may find little relief from heat stress 
by the end of the century, regardless of season. For urban areas in other regions, where the increase 
in TW has a strong seasonal signal, current seasonal differences in humidity and heat may be 
significantly altered. This change could have widespread impacts across society, including on the 
livelihoods of those who work in sectors strongly sensitive to seasonal climate patterns. Globally, 
the average TW, JJA (DJF) value for the grid cells experiencing the 10% highest TW, JJA values 
increases from 26.1ºC to 28.9ºC at the end of the century. This increase indicates that the urban 
areas that are currently under the highest humid heat stress today remain under the highest humid 
heat stress at the end of the century. 
 
Figure 4-4: Change in decadal mean urban TW from the first decade (2000-2009) to the last 
decade (2091-2100) of the century for a) JJA and b) DJF. The magnitude of change is calculated 
by subtracting the decadal mean of 2000-2009 from that of 2091-2100.  
Urban areas projected to experience the highest increases in TW do not necessarily coincide 
with areas projected to experience the highest absolute value of TW (Figure 2 and 4). Urban areas 
projected to experience high absolute TW will predictably need to implement significant heat 
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mitigation efforts by the end of the century. Urban areas with high increases in TW, although not 
necessarily nearing the survivability threshold or the dangerous levels of TW delineated herein, 
will need to adapt to levels of humid heat that are significantly higher than those that urban citizens 
are accustomed to. Although the human body may gradually acclimate to humid heat stresses 
below the survivability threshold, the rapid rate of increase and unpredictability of extreme 
weather associated with climate change may make this adaptation more difficult. As observed in 
some of the deadliest heat waves in recorded history, morbidity and mortality impacts typically 
occur at values far below 35ºC. Additionally, impacts may be exacerbated in areas that are not 
used to or prepared for high humid heat conditions.   
4.2 HUMAN LIVABILITY AND ADAPTATION  
4.2.1 Spatial Distribution and Magnitude of Exposure 
The spatial distribution and magnitude of the urban population by the end of the century will 
shape the adaptation efforts needed to help urban citizens adapt to living in environments that 
frequently experience humid heat stress conditions. For SSP3, Jones and O’Neill (2016) projected 
dense urban and rural settlements in sub-Saharan Africa, the Middle East, India, and Southeast 
Asia, due to a combination of high fertility in the developing world and slower urbanization 
globally. In contrast, much of the developed world is projected to experience widespread decreases 
in population and limited growth in urban areas. Under SSP3, the populations of uniquely 
vulnerable Low Elevation Coastal Zones (LECZ) are expected to be greatest in Latin America, 
Asia, and Africa. Such changes in population may have unique implications in the context of the 
rising humid heat stress that is projected to be exacerbated in coastal areas near the equator.   
The spatial magnitude and distribution of the urban population in relation to projected urban 
TW is highly heterogeneous and reveals hotspots of exposure. By the end of the century, under 
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RCP7 and SSP3, at least 44.4% of the urban population is projected to be living in urban areas 
with high TW, JJA (TW, JJA > 26ºC).  Sixty-five countries will have urban citizens exposed to TW, JJA 
> 26ºC (Figure 4-5). Of those sixty-five countries, twenty-seven countries will have over 95% of 
their urban citizens exposed to high TW, JJA, which totals around 1.1 billion of the world’s urban 
citizens. The majority of those twenty-seven countries are in western Africa, southeast Asia, and 
northern Latin America where most massive and rapid urbanization is projected to occur. In 
contrast, only five countries will have less than 5% of their urban population exposed to high TW, 
JJA, which is equivalent to around 18 million of the world’s urban citizens. The number of countries 
with over 95% of their urban citizens exposed to high TW, JJA is over five times as many as the 
number of countries with under 5% of their urban citizens exposed to high TW, JJA. The number of 
urbanites living in countries with over 95% of the population exposed is 60.5 times greater than 
that of those living in countries with under 5% of the population exposed. These findings suggest 
a tendency towards dangerous humid heat in areas where the urban population is concentrated. 
The greater concentration of exposed populations could provide opportunities for more 
efficient adaptation initiatives and heat mitigation measures, such as widespread adoption of cool 
roofs, green infrastructure, and cooling centers during extreme heat events. However, 
concentrations could also exacerbate the impacts of extreme humid heat in events of inadequate 
adaptations. Additionally, concentration of exposure could lead to unintended side effects of 
adaptation, such as if increased adoption of air conditioning were to lead to increased 





Figure 4-5: Percentage of the urban population, by country, exposed to decadal mean urban 
TW, JJA > 26ºC by the end of the 21st century (2091-2100). Colors indicate the decadal mean urban 
TW, JJA, and circle size indicates the percentage of the urban population exposed per country.  
4.2.2 Colocation Between Urban Population and Humid Heat Stress 
Colocation between urban population and urban land exposed to high TW may reveal 
exposure hotspots and guide adaptation strategies. The percentage of the urban land area that is 
exposed to high TW is strongly positively correlated with the percentage of the urban population 
that is exposed to high TW (Figure 4-6). Twenty-eight countries have >80% of both their urban 
population and urban land exposed, as shown in the shaded red box in Figure 4-6. These countries 
are projected to be exposure hotspots where high levels of adaptation will be needed.  
For some countries, the proportion of urban land area exposed does not necessarily 
correlate strongly with the percentage of the population exposed. The orange line in Figure 4-6 
indicates an equality of urban land and urban population exposed to high TW. Countries above the 
orange line have a higher percentage of urban population exposed to high TW, JJA than percentage 
of urban land, which suggests a disproportionate concentration of the urban population residing in 
areas projected to experience higher humid heat stress. Countries above the red line have an 
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especially disproportionate concentration of the urban population. For example, approximately 9% 
of Oman’s urban land area is projected to experience high TW, JJA, but 38% of the urban population 
is concentrated within that urban land area. Countries below the orange line have a lower 
percentage of urban population exposed to high TW, JJA than percentage of urban land. Countries 
below the yellow line have less than half the proportion of urban population exposed than the 
proportion of urban land exposed. For example, approximately 50% of Qatar’s urban land area is 
projected to experience high TW, JJA, but less than 8% of the urban population is projected to be 
exposed. While urban populations in the yellow shaded region may be less impacted during 
extreme heat events than those in the light red shaded region, exposure of urban land area may 
nonetheless impact places of work, worship, service, and other institutions that support urban 
society. Thus, the ratio of percentage of urban population and urban land exposed, as well as the 
absolute percentages of both, may provide insight into unique challenges and opportunities for 
adaptation. The overall high correlation between urban population and urban land exposed 
underscores the colocation of these two hazards, while the existence of some outliers underscores 





Figure 4-6: Relationship between countries’ urban land area and urban population exposed to 
high TW, JJA, by the end of the 21st century (2091-2100). The usage of Spatial Analyst tools in 
ArcMap calculated urban land exposure of zero for some island countries, countries with 
expansive coastlines, and countries with very small land area exposed. These countries were 
omitted and only sixty-five out of eighty-four countries with urban population exposed are shown 
here. The dark red box in the upper right corner indicates countries with both 80% of urban land 
and urban population exposed. The red line shown indicates equality of percentage of urban land 
area and percentage of urban population exposed to decadal mean urban TW, JJA ≥ 26ºC. The 
yellow and red lines indicate a percentage of the urban population exposed half as large and twice 
as large, respectively, as the percentage of the urban land exposed. Shaded regions indicate the 
ratio of urban population exposed to urban land exposed. The size of each point corresponds to 
the total urban population in each country by the end of the century.  
4.3 URBAN GREEN INFRASTRUCTURE COOLING POTENTIAL (UGIP)  
4.3.1 Global Patterns of UGIP 
The evaporative cooling efficiency of UGI and its ability to provide heat mitigation is 
shaped by local climatic conditions, water availability, and other variables, and is thus not equally 
efficient across diverse environmental conditions. Central to this efficiency is atmospheric water, 
whether in the form of water vapor as humidity, or in water droplets as precipitation. Since T is 
the air, or dry-bulb, temperature, and TW is the temperature a parcel of air can theoretically be 
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cooling to through evaporation, the difference between T and TW reflects the efficiency of 
evaporative cooling. To capture the impacts of climate and atmospheric water availability on UGI 
efficiency across diverse contexts, I suggest a metric for the maximum evaporative cooling 
potential/efficiency of UGI. This new metric is defined as the difference between urban T and TW 
and is referred to as the Urban Green Infrastructure Cooling Potential (UGIP).  
 The absolute value of UGIP serves as a proxy for maximum evaporative cooling potential, 
and its relative value between locations signals its comparative efficiency. There is high spatial 
heterogeneity and a wide range in UGIP by the end of the century, ranging from 0.6ºC to 21.7ºC 
(Figure 4-7). The value of UGIP is always positive since T is always greater than or equal to TW. 
A value of zero indicates that T is equal to TW, and evaporative cooling will be unable to achieve 
any heat mitigation. The higher the value of UGIP is, the higher the efficiency of evaporative 
cooling. This is because UGIP reflects both relative humidity and air temperature. Although the 
magnitude of Rh alone also reflects evaporative cooling efficiency, air temperature is another 
significant driver of evaporative cooling. As the air temperature decreases, evaporative cooling 
efficiency also decreases. The highest UGIP values, which are > 20ºC by the end of the century, 
reflect both low relative humidity and high air temperature, which encourages high latent heat flux, 
given that there is sufficient water to evaporate. Many of the largest projected UGIP values are 
clustered in the Middle East, particularly around the Persian Gulf and the Red Sea. These large 
values are driven by the low relative humidity of the regional climate, as well as the high dry-bulb 
temperatures. Lower UGIP values that approach 0, reflect a combination of high relative humidity 
and/or low air temperature, which is less conducive to high evaporative cooling efficiency. UGIP 
represents a higher bound for urban green infrastructure evaporative cooling potential, and directly 
reflects thermodynamic limits to evaporation. UGIP corresponds to the wetness of the city and is 
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lower in wetter areas, and higher in dry areas. It is a simple and universally applicable metric, 
allowing comparison between urban areas across the globe. 
 
Figure 4-7: Decadal mean JJA Urban Green Infrastructure Cooling Potential (UGIP) by the 
end of the 21st century (2091-2100). UGIP is calculated by subtracting the decadal mean JJA 
urban TW from decadal mean JJA urban T for each urban grid cell.  
4.3.2 Tradeoffs between Future UGIP and Precipitation 
The spatial distribution and magnitude of UGIP and precipitation results in tradeoffs between 
water availability and cooling efficiency. By the end of the century, major urban areas with 
projected high TW and high precipitation tend to have low UGIP, and areas with low precipitation 
tend to have high UGIP. In urban areas with high precipitation and low UGIP, high relative 
humidity limits the amount of water vapor that can be released from plant evapotranspiration, 
limiting evaporative cooling efficiency and potential. However, high levels of precipitation could 
theoretically provide ample watering for green infrastructure and minimize the need for 
supplemental irrigation. In urban areas with a low precipitation but high UGIP, due to low relative 
humidity and high air temperature, a strong potential for evapotranspiration to provide cooling 
relief is evident, but a low precipitation may reflect low soil moisture and water availability, which 
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necessitates supplemental irrigation. Irrigation has its own embedded energy and water costs and 
may not be feasible or affordable for cities where water is already scarce. In other words, locations 
with higher water availability may have lower cooling efficiency, and locations with lower water 
availability may have higher cooling efficiency. This tradeoff is not usually explicitly considered 
but is important when allocating limited resources towards urban heat mitigation.  
Many of the cities with high TW and the lowest projected precipitation have the highest UGIP 
values globally. Dubai (United Arab Emirates), Bandar-e ‘Abbās (Iran), and Muscat (Oman) are 
projected to have average JJA UGIP values of 10.9ºC, 10.5ºC, and 8.9ºC, respectively, values that 
are driven by low relative humidity and high air temperature (Figure 4-8). Interestingly, these three 
cities are all located along the coastlines of the Persian Gulf or the adjacent Gulf of Oman, and so 
may be under similar climatic drivers. All of the cities are characterized by hot desert climates 
with little precipitation, especially during the summertime. Thus, although their high humidity and 
temperatures would theoretically result in high evapotranspiration efficiency and cooling potential, 
water availability may ultimately inhibit the feasibility and cost effectiveness of implementing 
green infrastructure for urban heat mitigation.  
Cities with high TW and high projected precipitation tend to have low UGIP values. Mumbai 
(India), Rangoon (Myanmar), Conakry (Guinea), and Vientiane (Laos) are projected to have 
average JJA UGIP values of 2.7ºC, 2.0ºC, 2.3ºC, and 2.0ºC, respectively. These cities are all 
coastal cities near the equator, which makes sense given that much of the land area projected in 
this study to experience high TW is along coastlines in the mid-latitudes. Cities with high TW, high 
precipitation, and low UGIP, have the potential tradeoff of low evaporative cooling efficiency and 
exacerbation of humid heat by urban infrastructure, despite their high water availability and need 
for urban heat mitigation. 
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Local climate may be modified by evapotranspiration, which is especially concerning in areas 
projected to experience high humid heat stress. Similar to the observation that high levels of 
irrigation increase humidity and exacerbate humid heat, the evapotranspiration of urban green may 
have the unintended impact of warming the urban microclimate. Cities with high TW, low UGIP 
(< 3ºC), and high precipitation may experience tradeoffs from implementation of UGI. These 
urban cities are already under significant humid heat stress, and any additional evapotranspiration, 
however efficient, may counterintuitively increase heat stress.  
The trend of decreasing UGIP with increasing precipitation may be related to overall water 
availability. Areas with higher relative humidity may consequently experience overall higher 
precipitation, precisely due to the high levels of water vapor in the air. This condition will tend to 
produce tradeoffs between UGIP and precipitation in the context of urban humid heat mitigation. 
Cities with moderate precipitation and moderate UGIP may be optimal locations to use urban green 
infrastructure for heat mitigation (e.g., Rajbiraj (Nepal), Kano (Nigeria), Hyderabad (India)). 
Ideally, these locations would have sufficient precipitation to foster thriving green infrastructure 
without irrigation with sufficiently high UGIP for urban green infrastructure to be a cost-effective 
cooling mechanism. Overall, the feasibility and cooling efficiency of urban green infrastructure is 




Figure 4-8: Tradeoffs between Urban Green Infrastructure Cooling Potential (UGIP) and 
precipitation in urban areas. UGIP and precipitation are decadal mean JJA values by the end of 
the century (2091-2100). The color of the points indicates the decadal mean urban TW, JJA value. 
For illustrative purposes, the capital city or a relatively large city was chosen to represent each 
country containing at least one city exposed to high TW, JJA. 
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CHAPTER 5  
CONCLUSIONS AND RECOMMENDATIONS 
5.1 MAIN FINDINGS  
5.1.1 Future Global Urban Humid Heat Stress Patterns and Drivers  
The global nature of this thesis allows comparison of humid heat stress, exposure hotspots, 
and tradeoffs between UGIP and water availability across urban areas using a consistent 
methodology and reveals dangerous levels and spatial patterns of humid heat stress at the end of 
the century. The physically based urban parameterization in CESM and the focus on urban areas 
are important, since urban areas are centers of human population, drivers of climate change, 
concentrated areas of human resources, and fundamental foci of climate adaptation and sustainable 
development. Much of past research has not explicitly focused on urban areas, thus obscuring or 
averaging out potentially higher urban temperatures and unique urban climates.  
The findings herein highlight the need for mitigation and adaptation driven by spatially 
explicit studies. The results reveal that many of the urban areas with the highest humid heat are 
concentrated in coastal and equatorial regions. Further, many of these areas are located near semi-
enclosed gulfs or shallow water bodies. Values of urban TW are driven by a multitude of variables, 
including background climate and topography, irrigation, and UHI, as well as interactions between 
these variables. This global urban study highlights the dangerous increase in urban humid heat that 
can be expected by the end of the century and emphasizes future challenges and opportunities for 
urban areas. The patterns of projected increases cannot purely be predicted by latitude, proximity 
to the coast, etc., but are driven by a combination of urban morphology, topography, baseline 
climate, and global climate change. As such, urban areas will require specific, explicit, and in-
detail examination.  
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5.1.2 Spatial Distribution and Magnitude of Exposure of Urban Population  
By the end of the century, at least 44.4% of the urban population is projected to be living in 
an urban area with high TW, JJA (decadal mean TW, JJA > 26ºC), under business-as-usual greenhouse 
gas concentrations (RCP7) and global socioeconomic development characterized by regional 
rivalry and challenges to climate change mitigation and adaptation (SSP3). SSP3 is a scenario 
characterized by slower urbanization globally, which may result in a lower projected exposure 
than development paths with high urbanization rates. Conversely, the projected regions with the 
highest urban population in LECZ zones in SSP3, may result in higher exposure than other SSP 
scenarios with different spatial development patterns. These regions – Latin America, Asia, and 
Africa – are all partially or fully located in the coastal mid-latitudes. Such a spatial distribution 
may exacerbate exposure, given that findings suggest that areas with the highest TW, JJA will tend 
to be in the coastal mid-latitudes. 
Eighty-four countries are projected to have urban citizens exposed to high TW, JJA. Of the 
eighty-four countries, thirty-two countries will have over 95% of their urbanites exposed, 
comprising around 1.1 billion of the world’s citizens. In contrast, only eleven countries will have 
less than 5% of their urbanites exposed, comprising around 18 million of the world’s citizens. 
Results suggest a tendency towards dangerous humid heat levels in locations that the urban 
population is concentrated, a finding that has strong implications for future adaptation efforts. The 
countries with over 95% of their urban population exposed are concentrated in western Africa, 
southeast Asia, and northern Latin America.  
The percentage of urban land area exposed to high TW is strongly positively correlated with 
the percentage of urban population exposed. Differences in urban population and land exposure 
could reflect development patterns/levels of urban sprawl, or the general humid heat stress of the 
environment, regardless of the spatial distribution of the urban population. While the exposure of 
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land and the exposure of the urban population presents unique threats when they are collocated, 
even exposure of land area alone is concerning. Land exposed to high TW values will still have 
implications for the aquatic and terrestrial ecosystems and flora and fauna, as well as any rural 
populations residing there. The widespread global urban population and land exposure to high TW 
and their heterogeneous spatial distribution and colocation underscore the importance of more 
spatially explicit studies. The ratio between and magnitude of percentage of urban land area and 
percentage of urban population exposed reveal the level of the threat posed by high humid heat 
stress, as well as exposure hotspots and potential adaptation strategies driven by spatial projections. 
5.1.3 Global Patterns of Tradeoffs and Opportunities for Urban Green Infrastructure 
Cooling 
To conduct a global comparison of the evaporative cooling efficiency and heat mitigation 
potential of urban green infrastructure, I propose a simple metric, defined as the difference between 
dry-bulb and wet-bulb temperature, and referred to as Urban Green Infrastructure Cooling 
Potential (UGIP). Lower UGIP values are driven by higher relative humidity and/or low air 
temperature, which decrease evaporative cooling efficiency. Higher UGIP values are driven by the 
combination of lower relative humidities and higher air temperatures, which are conditions that 
increase evaporative cooling efficiency, provided sufficient water is available to be evaporated. 
UGIP is based on thermodynamic principles and can serve as a simple metric to compare urban 
green infrastructure feasibility across diverse contexts.  
The analyses indicate that high spatial heterogeneity and a wide range in UGIP will occur by 
the end of the century, with the highest projected values in the Middle East. A tradeoff between 
UGIP and precipitation occurs for highly populated urban areas with high TW, JJA at the end of the 
century. Findings indicate a generally negative correlation between UGIP and precipitation. When 
UGIP is high and precipitation is low, a strong potential exists for urban green infrastructure to 
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provide cooling relief, but low water availability may inhibit cooling effectiveness and/or 
necessitate supplemental irrigation. When UGIP is low and precipitation is high, water availability 
does not constrain evaporation, but evapotranspiration may exacerbate high TW, JJA and thus 
increase humid heat stress on urban citizens. The feasibility and heat mitigation potential of urban 
green infrastructure is strongly driven by the context of local and regional patterns of humidity and 
water availability, and results in spatially heterogeneous tradeoffs and opportunities for cooling 
through urban green infrastructure. 
5.2 IMPLICATIONS OF THIS WORK  
The global nature of my work allows for a comparison using a consistent methodology across 
diverse built and environmental contexts. CESM, the earth system model used to simulate the 
future climate herein, explicitly parameterizes urban areas, based on a global dataset of urban 
spatial extent, morphology, and thermal/radiative properties. This spatially explicit 
parameterization allowed for dynamic interactions between urban areas in the model with global 
climate change. The results presented herein highlight the necessity of global, urban-specific, 
spatially explicit studies on the impacts of and adaptation to climate change. These characteristics 
of my work allowed for a comprehensive study that could better elucidate patterns and drivers of 
humid heat stress and adaptation in urban areas, which significantly impact and are impacted by 
climate change.  
The emphasis on humidity, in both projecting future humid heat stress and understanding 
tradeoffs and opportunities for urban green infrastructure, adds an important dimension to 
commonly used dry heat metrics. The usage of decadal monthly means herein provides insight into 
long-term patterns of humid heat stress and allows for robust comparisons of change over time and 
space that are not skewed by outliers or extreme events. Spatial projections of future challenges 
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and opportunities presented herein can serve as a basis for determining future areas of study, by 
identifying key variables, tradeoffs, locations of concern, and questions to be further explored. For 
example, results identified that coastal and equatorial regions are projected to be hotspots for high 
TW and population exposure, but also that results may underestimate true exposure due to the 
localized nature and emphasis on land grid cells. Findings also emphasize the distinction between 
heat stress based on T and TW temperature, as well as UHIT and UHITW.  
The spatially explicit nature and high resolution of this study reveals areas of high exposure 
where TW and future population coincide. In these areas, urgent heat mitigation and adaptation 
measures will be needed to minimize the negative impacts of humid heat stress on urban citizens 
and their environment. The methods through which tradeoffs and opportunities are identified in 
this study can similarly be used to identify the most appropriate and effective heat mitigation 
measures, including better heat warning systems, urban green infrastructure, cool roofs, and air 
conditioning. The analysis of the relationship between UGIP and precipitation also revealed the 
spatial nature of tradeoffs between UGIP and precipitation, which highlights the high spatial 
heterogeneity and need for cost-benefit analyses in heat mitigation planning.  
5.3 RECOMMENDATIONS FOR FUTURE RESEARCH  
5.3.1 Modeling parameters  
Negative impacts of high TW are often triggered after a relatively short time period of 
exposure. Thus, studies based on finer temporal resolutions could be beneficial for predicting 
extreme heat events and impacts, by being closer to the time scale that impacts typically occur. 
While the decadal monthly means used in my work provide insight into long-term patterns and 
changes and are less computationally expensive than hourly or daily outputs, a finer temporal 
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resolution would be very useful for assessing diurnal patterns, the pattern and likelihood of extreme 
heat events, and predicting morbidity and mortality impacts.  
The relationship between monthly means and extreme heat events may also shape future 
decisions on temporal resolution. If the relationship is projected to stay consistent, monthly means 
could be directly used in simulations and studies, thus saving significant computational power. 
Past research has suggested that there may be a strong relationship between mean TW and TW 
extremes (Raymond et al., 2020). Although monthly or seasonal means may not be accurately 
extrapolated to predict the timing, frequency, and duration of heat waves, the increase in monthly 
or seasonal means does suggest that a worsening in extreme events by the end of the century. This 
is further corroborated by research that suggests that heat waves will become more frequent, 
intense, and longer in the future. 
Another area of future research is the use of finer local and regional studies based on areas of 
interest revealed in this work. The global, urban nature herein can help identify urban regions that 
are projected to experience dangerous levels of humid heat stress but are underfunded or 
understudied in the literature. This identification of hotspot regions globally can guide research for 
higher-resolution modeling where information at finer spatial scales are beneficial. Coastal urban 
areas are a subset of the urban population that deserves further study, due to the multitude of 
extreme hazards to which they are exposed, including coastal flooding, coastal storms, humid heat 
stress, and sea level rise. The impact of these extreme hazards may be further exacerbated by the 
unique concentration of population in urban areas, and alteration of the natural landscape. In many 
coastal urban areas, the combination of higher SSTs and higher air temperatures under climate 
change may work together to increase overall humid heat stress. The emphasis on land grid cells 
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in current climate modeling studies likely downplays the risk in coastal regions, which often have 
a unique climate.  
Future studies could explore the implications of various combinations of RCP and SSP 
scenarios. RCP7 shows a potential future climate in the absence of mitigation, whereas other RCP 
scenarios can project future climates resulting from different levels of climate change mitigation. 
The study of other SSP scenarios can likewise project other future demographic outcomes based 
on different narratives and assumptions. Together, combinations of other RCP and SSP scenarios 
can reveal the sensitivity of future exposure and vulnerability to various mitigation and 
socioeconomic pathways.  
5.3.2 Suitability Analysis  
Further understanding of drivers of opportunities and tradeoffs of urban heat mitigation 
and adaptation strategies, paired with global, urban, spatially explicit projections, can inform 
holistic suitability analyses. These suitability analyses can guide future decision making and cost-
benefit analyses and help optimize future strategies. For example, beyond the dimensions of 
humidity, cooling potential, and water availability assessed herein, future research could expand 
into more dimensions of water stress. Dimensions such as scarcity, flexibility, and the intensity of 
water use, will all impact water cost and availability for UGI versus other water end uses.  
Improved water infrastructure considerations are also crucial since cities tend to be less 
constrained than rural areas by their local climate. A practical consideration of such constraints is 
important for guiding realistic decisions on allocation of water resources towards different climate 
change mitigation and adaptation strategies. Incorporation of the diverse benefits of urban heat 
mitigation efforts can also elucidate opportunities and tradeoffs. UHI, in addition to urban heat 
mitigation, also has benefits for stormwater management, habitat restoration, and air quality. 
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Improved understanding of the mechanisms and relationships between these benefits can be 
integrated into suitability analyses to support future decision-making.  
5.3.3 Population Growth and Urban Development  
Future studies could consider the unique implications of absolute versus change in 
population by the end of the century. Higher absolute population, when combined with other 
vulnerabilities such as financial stability and work-related outdoor exposure, will require greater 
adaptation efforts, including more widespread adoption of air conditioning, strong heat warning 
systems, and robust emergency preparedness. Conversely, higher growth rates of population may 
lead to increased inability of infrastructure to adequately serve the population, if it does not occur 
at the same pace or compromises quality for speed or affordability of construction. Infrastructure 
may then exacerbate humid heat stress imposed on urban citizens. If the population growth is 
driven by migration, the lack of knowledge, acclimatization to heat stress, and preparation by 
incoming individuals and existing institutions may worsen morbidity and mortality impacts. 
Further study could also explicitly include projections of urban land use change and expansion. 
Different patterns of urban development that result in diverse urban morphology, sprawl, and 
thermodynamic properties may also shape future impacts and should thus be explicitly studied. 
Since the simulations used herein did not consider future urban land use change or expansion, the 
humid heat stress exposure projected represents a lower bound of humid heat stress exposure by 
the end of the century.  
5.3.4 Improved Understanding of Mechanisms   
Focused studies of the mechanisms of TW, UHITW, and extreme TW can help increase the 
usefulness of the results herein to future policy and planning efforts. For example, studies could 
explore the climatic and urban morphology characteristics that drive TW, UHITW, and extreme TW. 
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Additionally, they could study the interactions between and individual mechanisms of these 
characteristics. Such research would provide insights into the nature of urban humid heat stress 
and the appropriate adaptation strategies, as well as guide future urban planning decisions. 
Understanding of the mechanisms of UHIT could also be applied to UHITW to study the impact of 
background urban climate, diurnal cycles, and climatic seasons. Overall, improved understanding 
of humid heat stress in urban areas can help advance the knowledge related to future climate 
change impacts and adaptation. These improvements have the potential to shape future urban 
planning and engineering in a way that improves the lived experience of humans and their 
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